Er doped GaN (Er:GaN) is a very promising gain medium for realizing high energy lasers (HELs) operating in the relatively eyesafe 1.5 lm spectral region due to its high thermal conductivity, low thermal expansion coefficient, low temperature coefficient of the refractive index, and high atmospheric transmittance. We report the results of optical absorption and resonantly excited photoluminescence emission spectroscopy studies performed on Er:GaN freestanding quasi-bulk crystals grown by hydride vapor phase epitaxy. Fine features resulting from the transitions between Stark sublevels in the 4 I 13/2 first excited state and 4 I 15/2 ground state manifolds enabled the construction of energy level diagrams pertaining to the excitation and emission mechanisms of Er:GaN eyesafe HELs. Our results suggest that the most appropriate pump lines in Er:GaN are 1514 nm and 1539 nm, whereas the lasing emission lines are most likely to occur at 1569 nm and 1581 nm, conforming to the requirements of an extremely small quantum defect lasing system. In contrast to the more established HEL gain medium of Er:YAG, the well-known absorption (or pump) line near 1470 nm is absent in Er:GaN. Er:GaN HELs are expected to outperform those based on Er:YAG in terms of average power, power density, and beam quality. Published by AIP Publishing. The development of high energy and high power solidstate lasers has enabled extensive commercial, military, and scientific applications. The optical gain medium is the heart of a high energy laser system. Presently, dominant gain materials for solid-state high energy lasers (HELs) are synthetic garnets such as YAG doped with neodymium (Nd:YAG) emitting at 1.06 lm. On the other hand, laser sources emitting light around 1.5 lm are considered "eyesafe" because photons in this wavelength region are strongly absorbed by the cornea, thereby more effectively protecting the retina. It is known that the upper limit of eyesafe laser exposure at 1.5 lm is more than 4 orders of magnitude higher than that of the wavelengths below or close to 1 lm.
The development of high energy and high power solidstate lasers has enabled extensive commercial, military, and scientific applications. The optical gain medium is the heart of a high energy laser system. Presently, dominant gain materials for solid-state high energy lasers (HELs) are synthetic garnets such as YAG doped with neodymium (Nd:YAG) emitting at 1.06 lm. On the other hand, laser sources emitting light around 1.5 lm are considered "eyesafe" because photons in this wavelength region are strongly absorbed by the cornea, thereby more effectively protecting the retina. It is known that the upper limit of eyesafe laser exposure at 1.5 lm is more than 4 orders of magnitude higher than that of the wavelengths below or close to 1 lm.
1,2 Furthermore, a 1.5 lm laser also has a high atmospheric transmittance. 3 Therefore, HELs operating around 1.5 lm are highly sought-after for use in defense, industrial processing, communications, medicine, spectroscopy, imaging, and various other applications where the laser is expected to travel long distances in free space. When doped in a host, the emission lines resulting from the intra-4f transitions from the first excited state manifold ( 4 I 13/2 ) to the ground state manifold ( 4 I 15/2 ) in Er 3þ ions are near 1.5 lm. 4, 5 HELs based on Er doped YAG (Er:YAG) have reached high performance levels. [6] [7] [8] [9] [10] [11] However, with the relatively poor thermal properties of YAG with a thermal conductivity of j ¼ 14 W/mÁK and the thermal expansion coefficient of a % 8 Â 10 À6 C
À1
, the heat dissipation capability of YAG gain medium is relative poor, which limits the optical output energy, average power, and the beam quality. [12] [13] [14] [15] Therefore, finding gain materials with improved thermal properties is highly desirable.
Of the wide bandgap III-nitride semiconductors which have demonstrated excellent performances in high power, high temperature electronics, and optoelectronics, [16] [17] [18] [19] for GaN versus 8 Â 10 À6 C À1 for YAG), 20 and lower temperature coefficient of the refractive index, dn/dT (0.7 Â 10 À5 C
for GaN versus 1.75 Â 10 À5 C À1 for YAG). 21 Hence, HELs based on Er:GaN are expected to outperform those based on Er:YAG in terms of average power, power density, and beam quality. Due to the lack of thick crystals of Er:GaN, spectroscopic studies of Er:GaN so far have been mostly performed on epilayers of a few microns in thickness grown by metal organic chemical vapor deposition (MOCVD) or molecular beam epitaxy (MBE) with targeted applications of optoelectronic devices for optical communications in the infrared (IR) region and for emitters in the visible region. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] However, to develop low quantum defect HEL operating in the eyesafe spectral region based on Er:GaN, it is desirable to investigate mechanisms for resonant excitation and emission in thick Er:GaN crystals so that most appropriate optical pumping schemes can be identified and developed. In this work, optical absorption and resonantly pumped photoluminescence (PL) emission spectra of freestanding Er:GaN quasi-bulk crystals have been measured, from which the energy level diagrams of the ground and first excited states in Er:GaN pertaining to achieving low quantum defect Er:GaN eyesafe lasers have been constructed.
Freestanding Er:GaN quasi-bulk crystals of 1 mm in thickness were obtained via growth by hydride vapor phase epitaxy (HVPE) in conjunction with a laser-lift-off process. 35 The Er doping concentration ranges from 5 Â Published by AIP Publishing. 111, 072109-1 source covering a wavelength range between 170 and 2100 nm coupled with a triple grating monochromator was used as a variable wavelength excitation source for the optical absorption measurements. The absorption setup provides an overall spectral resolution of 2 nm.
Figure 1(a) shows the room temperature optical absorption spectrum measured in the 1450-1650 nm region. The spectrum revealed two dominant absorption bands near 1514 nm and 1539 nm. Fitting the absorption spectrum using multiple Gaussian peaks also resolved a third peak near 1556 nm. A significant result is that there are nearly no features, and the absorption is extremely low below 1500 nm. This is in sharp contrast to the fact that Er 3þ in most other host materials such YAG and silica glass exhibit a strong absorption line near 1470 nm, corresponding to a resonant transition between Stark sublevels, from the bottom of the 4 I 15/2 ground state manifold to the top of the 4 I 13/2 first excited state manifold. In fact, this transition line near 1470 nm is the most common pumping line employed for achieving Er:YAG lasers. [6] [7] [8] [9] [10] [11] Figure 1(b) shows the PL emission spectrum of the same Er:GaN sample measured at 250 K around 1.5 lm. The excitation source is a 980 nm laser diode, and the PL signal was collected using an InGaAs detector in conjunction with a spectrometer. It should be noted that in this excitation scheme, carriers were excited from the ions. Due to the involvement of this non-radiative relaxation process, 980 nm is therefore not a desired pump wavelength for achieving low quantum defect HELs. The spectral shape of the PL spectrum shown in Fig.  1(b) is rather similar to that of the absorption spectrum shown in Fig. 1(a) with a central peak near 1538 nm, but with additional fine features resulting from the transitions between Stark sublevels in the 4 I 15/2 ground state and the 4 I 13/2 first excited state manifolds, which were not resolved in the optical absorption spectrum. Consistent with the absorption spectrum, the PL spectrum is nearly featureless below 1500 nm, and the transition lines near 1470 nm widely observed in other host materials are absent in Er:GaN. In fact, the observed optical absorption peak positions are in good agreement with the peak positions of optical absorption cross section for the 4 I 15/2 to 4 I 13/2 transition observed in a waveguide fabricated from the Er:GaN epilayer grown by MOCVD. 32 Furthermore, the spectra shown in Fig. 1 Fig. 1(c) . The experimentally observed transition energies in Figs. 1(a) and 1(b) are indicated by the arrows in Fig. 1(c) .
The energy level diagram shown in Fig. 1 (c) reveals that there are multiple Stark sublevels in the 4 I 13/2 first excited state manifolds, similar to the case in Er:YAG. Therefore, multiple optical absorption lines near 1514 nm are expected, despite the fact that they were not clearly resolved in Fig.  1 (a) due to the spectral resolution limit of our optical absorption setup. To reveal further the desired excitation scheme, we measured the emission intensities at 1540 and 1558 nm for several excitation wavelengths, providing a crude PL excitation spectroscopy scheme. In obtaining the excitation spectra shown in Fig. 2 , the variation in the excitation wavelength was obtained by changing the lasing wavelength of a laser diode (LD) around 1514 nm through the variation in the operating temperature of the LD. Figure 2 indeed revealed that the absorption maximum occurs at 1514 nm, but the acceptable pump wavelength window is broad covering roughly from 1510 nm to 1515 nm as expected from the energy level diagram shown Fig. 1(c) for the 4 I 13/2 first excited state manifold. However, excitation spectroscopy studies covering a broad range and with a higher spectral resolution are desired in the future.
To gain insights into possible lasing wavelengths, we have measured the PL emission spectra excited by laser diodes with operating wavelengths tuned into the resonant excitation closely matching with the optical absorption maxima near 1514 and 1539 nm. The PL emission spectra under 1514 nm and 1540 nm excitation are shown in Figs. 3(a) Fig. 1(b) under 980 nm pump. Under resonant excitations, the most common emission lines beyond 1550 nm appear to be near 1557 nm, 1569 nm, and 1581 nm. It is interesting to note that the emission peaks become narrower as the resonant pump wavelength increases, and the PL spectrum under 1540 nm pump composed of sharpest lines. The fitted full width at half maximum (FWHM) of deconvolution Gaussian peaks is as narrow as 0.1 nm for the PL spectrum under 1540 nm excitation. This is understandable because the recombination under resonant excitation using the longest wavelength excites the least number of sublevels and involves the least steps of thermal relaxation processes, and so, the FWHM of emission lines approaches the true intrinsic characteristics of intra-4f shell transitions. The observation of narrow emission lines is indicative that the local site of Er ion in GaN bulk crystals is highly symmetric with no distortion. 30 One of the criteria for achieving lasing is to attain population inversion, which can be reached more easily if the upper laser level is easily populated, whereas the lower laser level is rapidly depopulated. With this in mind together with the observed optical absorption and emission lines, we have constructed in Fig. 4(a) the energy level diagram of the ground and first excited states to illustrate the most likely excitation and lasing scenarios in resonantly pumped eyesafe Er:GaN lasers. The results show that the most appropriate pump lines appear at 1514 nm and 1539 nm, whereas the lasing emission lines most likely to occur at 1569 nm and 1581 nm. For comparison, we also plotted the corresponding energy level diagram illustrating the well understood excitation and lasing schemes in resonantly pumped eyesafe Er:YAG lasers in Fig. 4(b) . It can be seen that the differences between the pumping and lasing wavelengths in Er:GaN are smaller than those in Er:YAG for both the quasi-four-level and quasi-three-level lasing systems, implying that resonantly pumped eyesafe Er:GaN lasers potentially possess smaller quantum defects than those based on Er:YAG. Another potential advantage of Er:GaN is its expected lasing wavelength occurring below 1600 nm. It is known that the current state-of-the-art near IR tracking cameras used in eyesafe HEL systems are based on GaInAs epitaxial structures grown on lattice-matched InP, which have a bandgap of 0.75 eV and a cut-off wavelength of 1620 nm, 36 making these tracking cameras less sensitive and hence, more difficult to track the lasing wavelengths of Er:YAG than those of Er:GaN.
In summary, optical absorption and emission spectroscopy studies have been carried out for freestanding Er:GaN quasi-bulk crystals. It was shown that the well-known absorption line near 1470 nm in Er:YAG which is widely used as a pump line for Er:YAG eyesafe lasers is absent in Er:GaN. As a consequence, the energy level diagram and hence the common excitation and emission scheme of Er:YAG are not applicable to achieve Er:GaN eyesafe lasers. Optical absorption and resonantly excited PL emission spectra have provided an understanding of the energy level diagrams of the ground ( 4 I 15/2 ) state and first excited ( 4 I 13/2 ) state manifolds in Er:GaN. The results revealed that the most likely excitation and lasing scenario in resonantly pumped eyesafe Er:GaN lasers involves pump lines at 1514 nm and 1539 nm for a quasi-four-level and quasi-three-level system, respectively, and lasing emissions at 1569 nm and 1581 nm. In addition to higher thermal conductivity of Er:GaN over Er:YAG gain medium, Er:GaN eyesafe lasers appear to possess lower quantum defects than Er:YAG lasers. 
